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A radiophotoluminescence (RPL) material with high radiation sensitivity was made of polyurethane
resin, silver-activated metaphosphate glass particles, and hollow glass microspheres. The density was
adjusted to be 1.1 g/cm3 by controlling the amount of hollow glass microspheres. The response to high-
energy photons over 100 keV was similar to that of the tissue-equivalent material (poly-
methylmethacrylate) because the two electron densities were similar. The RPL response had satisfactory
linearity in the dose range from 10 to 6  104 mGy.
An RPL scanner for three-dimensional (3-D) dose measurement was composed of an XYZq motorized
stage, a UV pulse laser, a gated photomultiplier tube (PMT), a red-laser displacement sensor, and an
integrating ammeter. The surface proﬁle was measured by the red-laser-displacement sensor. The UV
laser was used as an excitation source, and the RPL responses were effectively detected with the gated
PMT.
An RPL material hand phantom was fabricated to understand the extremity dosimetry of a radiation
worker's hand. The hand phantom was exposed to X-rays, and its surface dose proﬁle was obtained by
the RPL scanner. Subsequently, the hand phantom was sliced into dozens of square plates using a dia-
mond wire saw. Each inner dose proﬁle was obtained with the RPL scanner. The inner dose proﬁles were
roughly consistent with the computational simulation results. These results indicated that RPL imaging of
the hand phantom was useful to understand extremity dosimetry.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
Extremity dosimetry has rapidly become important because
radiotherapy and radiodiagnosis are widely used. The annual
equivalent dose limits of the extremities of radiation workers areo).
r Ltd. This is an open access articleestablished by radioprotection laws of individual countries (Ciolini
et al., 2014). The extremities are deﬁned as hand, elbow, arm below
the elbow, foot, knee, and leg below the knee. For example, X-ray
technicians (or medical doctors) receive signiﬁcant exposure when
they hold patients (or animals) during irradiations (Figueira et al.,
2013). Consequently, the dose to the hand is greater than that to
the whole body. In another case, a nuclear medicine worker
treating radiopharmaceuticals was exposed to g-ray radiation.
Reliable extremity dosimetry is difﬁcult because the radiation ﬁeldunder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. Responses to photons of RPL materials. The responses were calculated by the
PHITS code. The RPL materials were composed of polyurethane resin and included
metaphosphate glass. The electron densities of the RPL materials were 3.3  1023 cm1.
The responses to low-energy photons were greater than that of the PMMA. There was
not a large difference in the high-energy region.
F. Sato et al. / Radiation Measurements 85 (2016) 18e25 19is inhomogeneous. Therefore, some researchers have investigated
dosimetric characteristics by using tissue-equivalent hand phan-
toms (Wrzesien et al., 2008; Ciolini et al., 2014). Moreover,Fig. 2. Fabrication process of RPL material hand phantom. (a) The computational model was
(c) The hand phantom of the RPL material was formed with a silicone rubber mold. (d) The
atomic number were 1.1 g/cm3 and 10.3, respectively.computational simulations were performed to comprehend the
extremity dosimetry of radiation of a worker's hand (Becker and
Blunck, 2011; Blunck et al., 2011).
In this study, a radiophotoluminescence (RPL) material hand
phantom was fabricated to investigate the dose distribution in a
radiation worker's hand. The RPL material was polyurethane resin
including silver-activated metaphosphate glass particles and hol-
low glass microspheres. The silver-activated metaphosphate glass
had high radiation sensitivity for high-energy photons. The RPL
centers produced in bulk by ionizing radiation had high stability,
and RPL photons were emitted upon exposure to UV light. Its RPL
response had linearity in a wide dose range from 105e500 Gy
(Ranogajec-Komor et al., 2008; Yamamoto et al., 2011). The RPL
readout could be performed repeatedly without fading (Kurobori
and Nakamura, 2012).
In a preliminary experiment, an RPLmaterial hand phantomwas
exposed to X-rays. The hand phantom was observed by RPL
photography (Sato et al., 2014; Zushi et al., 2014). This RPL photo-
graphing technique was very simple to identify a high-level dose
region. The hand phantom was brightened with a UV-LED-
assembled illuminator. Meanwhile, a more precise dose proﬁle
was obtained by an RPL scanner. The surface proﬁle was obtained
by the geometrical analysis of the light scattering. The UV laser was
used as an excitation source, and the RPL responses were effectively
detected with the gated PMT. The radiation dose values were
estimated by RPL responses. The three-dimensional (3-D) dose
proﬁle was successfully reconstructed from data on the geometrical
surface and radiation dose values.designed by a 3-D modeling program. (b) The master model was built by a 3-D printer.
RPL material hand phantom was successfully fabricated. The density and the effective
Fig. 3. Schematic diagram of the RPL scanner for 3-D dose measurement. The RPL scanner is mainly composed of an XYZqmotorized stage, a 355 nm pulse laser, (PMT), and a red-
laser displacement sensor. ADC; analog digital converter, BPF; band pass ﬁlter, BS; beam splitter, CCD; charge coupled device, DG; delay generator, EBB; electrical beam blocker, GB;
gating board, HV; high voltage supply, IA; integrating ammeter, L; lens, LS; line sensor, M; mirror, PC; personal computer, PD; PIN photodiode, PMT; gated photomultiplier Tube, TD;
timing discriminator, TL; telescopic lens. An RPL material sample was set on the XYZq motorized stage and simultaneously scanned by the UV and red-laser beams. The surface
proﬁle of the sample was measured by the red-laser-displacement sensor. The RPL photons were detected with the UV pulse laser. The RPL surface proﬁle was reconstructed from
the data using a digital image processing software.
Fig. 4. Timing chart of the RPL scanner. The gate-on period for the gated PMT was set
from 2 to 10 ms after outgoing laser pulse. The resulting signal from the gated PMT was
recorded with the integrating ammeter. The data on the RPL intensity and the surface
shape were stored on a personal computer through an analog digital converter.
F. Sato et al. / Radiation Measurements 85 (2016) 18e25202. Materials and methods
An RPL material was made of polyurethane resin and included
silver-activated metaphosphate glass particles and hollow glass
microspheres. The silver-activated metaphosphate glass particles
were used as a ﬁller in the polyurethane resin. Reagent-grade
powders of NaPO3, Al(PO3)3 and AgCl were prepared to make ametaphosphate glass rod (Lee et al., 2011). The powder mixture in
an alumina crucible was placed in an electrical furnace. Its tem-
perature was gradually increased to 1200 C over the course of 5 h.
The melted mixture was maintained at this temperature for 3 h for
homogenization. The glass rod was gradually cooled down to room
temperature in 10 h. The density of the metaphosphate glass was
approximately 2.6 g/cm3. The atomic composition by weight in the
metaphosphate glass was as follows: O (51%), P (32%), Na (11%), Al
(6%), Ag (0.2%), and Cl (<0.01%). The glass rod was pounded with an
alumina mortar. The metaphosphate glass particles were classiﬁed
with a 75-mm sieve. The polyurethane resin was purchased from
Nissin Resin Co. Ltd. The polyurethane resin was formed by mixing
a polyetherpolyol compound and methylenebis (4,1-phenylene)
diisocyanate. The metaphosphate glass particles and hollow glass
microspheres (Q-CEL5020, Potters-Ballotini) were uniformly added
to the polyurethane resin to achieve an appropriate hardness. The
average size and density of the hollow glass microsphere were
60 mm in diameter and 0.2 g/cm3, respectively. The hollow glass
microspheres were effectively used to control the density of the RPL
material. The density was adjusted to be 1.1 g/cm3, which is close to
the average density of the human hand (1.08 g/cm3). The effective
atomic number could be controlled in a range from 7.7 to 10.3 by
altering the mixing ratio of the RPL material to the polyurethane
resin. An RPL material was fabricated from RPL glass particles
(44 g), polyurethane resin (44 g), and hollow glass microspheres
(12 g). The atomic composition by weight was as follows: H (5%), C
(6%), N (1%), O (64%), P (16%), Na (5%), Al (3%), and Ag (0.1%). The
effective atomic number and electron density were 10.3 and
3.3  1023 cm1, respectively. Therefore, the responses to low-
energy photons were greater than that of human tissue. Fig. 1
shows the responses to photons calculated by an electron and
photon transport code, the PHITS code (Sato et al., 2013). The
Fig. 5. Polyester resin block including the hand phantom. The hand phantom was soaked in an unsaturated polyester resin for support material. (a) The hand phantom was in the
polyester resin block. (b) The polyester resin block was sliced into dozens of plates using a diamond wire saw. Each RPL intensity proﬁle of the plates was obtained by the RPL
scanner.
 50:50
 20:80
RPL glass particles :
polyurethane resin (wt%)
R
PL
 re
sp
on
se
 (a
.u
.)
Absorbed dose (mGy)
100
101
102
103
104
105
100 101 102 103 104 105
Fig. 6. Response of the RPL material as a function of absorbed dose. Some RPL material
pieces were exposed to g-rays. The RPL response had satisfactory linearity. The RPL
efﬁciency increased with the ratio of the pulverized particles to the polyurethane resin.
F. Sato et al. / Radiation Measurements 85 (2016) 18e25 21densities of the RPL materials were 1.1 g/cm3. The thickness of the
target was 10 mm, and the incident angle of the photon was
perpendicular to the target surface. The responses were normalized
to the value at 662 keV (137Cs gamma ray). Polymethylmethacrylate
(PMMA) was considered as a tissue-equivalent material. The re-
sponses to low-energy photons were larger than that of the PMMA.
There was not a large difference in the high-energy region inwhich
the Compton scatteringwas dominant. The electron densities of the
RPL materials were very close to that of the PMMA; the probability
of Compton scattering is proportional to the electron density in
matter.
Fig. 2 shows the fabrication process of an RPL material hand
phantom. The computational model of the hand phantom was
designed by a 3-Dmodeling program (Rhinoceros, Robert McNeel&
Associates). The data from the computational model were saved as
a stereo lithography (STL) ﬁle for 3-D printing. The master model of
the hand phantomwas built from the STL ﬁle by a 3-D printer using
a polymer-jetting technology (CubeX, 3D Systems, Inc.). The print
head of the 3-D printer deposited a layer of resin 100 mm thick at alateral resolution of 100 mm slice by slice. The silicone rubber mold
for the hand phantomwas made with the master model. Two hand
phantoms of the RPLmaterial were formedwith the silicone rubber
mold.
One of the hand phantoms was uniformly exposed to g-rays
with a 6 TBq 60Co source. Another was irradiated with X-rays
(L9421-02, Hamamatsu Photonics). Themaximumof the X-ray tube
voltage was 90 kV and its maximum of the current was 89 mA. The
electron beamwas irradiated to theW target and the focal spot size
was 7 mm. The X-ray beam with a divergence angle of 39 was
propagated vertically to the palm of the hand phantom. The dis-
tance between the X-ray focal spot and the palm was approxi-
mately 75 mm.
As for RPL photography, the hand phantomwas brightened by a
ﬂoodlight made of UV-LEDswith a peak wavelength of 365 nm, and
a photoluminescence image was recorded using a digital camera
(Exi blue, QImaging). The RPL photography was strongly affected by
the lighting conditions. Speciﬁcally, uniform illumination was
desirable for determining the dose values with satisfactory accu-
racy. When ﬂuorescent markers for calibration were sealed on the
hand phantom, blue photons were emitted from the ﬂuorescent
markers independently of the irradiation dose (Sato et al., 2014).
Each dose value was roughly corrected by comparing the RPL in-
tensity and the blue ﬂuorescence intensity.
Fig. 3 shows a schematic diagram of the RPL scanner, which is
mainly composed of an XYZqmotorized stage, a 355 nm pulse laser,
a gated photomultiplier tube (PMT), a red-laser displacement
sensor, and an integrating ammeter. The hand phantom was set on
the XYZq motorized stage and simultaneously scanned by the UV
and red-laser beams. The surface proﬁle of the hand phantom was
measured by the red-laser-displacement sensor (IL-300, Keyence).
The red-laser-displacement sensor was composed of a 655 nm
diode laser, a line image sensor, and related electronic devices. The
distance between the sensor and the laser spot on the sample was
estimated by triangulation. The UV pulse laser (FTSS 355-50, Cry-
LaS) was operated under the condition of 1 ns pulse duration at a
repetition rate of 1000 Hz. The pulse energy was 30 mJ, and the laser
pulse timing was detected by a PIN photodiode. The laser spot on
the samplewas clearly observed by the camera lens (EF-S18-55 F2.8
IS, Canon) and a camera module. The RPL photons were detected
with the gated PMT (R9880U-20, Hamamatsu Photonics). The
background photons were effectively eliminated by 635 nm band
Fig. 7. Photographs of a hand phantom uniformly exposed to g-rays. The hand phantom was reliably fabricated from the computational model. However, the RPL photographs by
the UV-LED-assembled illuminator had some shadow parts. These shadow parts made it difﬁcult to determine the dose value correctly.
Fig. 8. RPL photographs of the plates of the sliced hand phantom. The inner dose distribution was homogeneous in terms of the uniformity of the g-ray irradiation.
F. Sato et al. / Radiation Measurements 85 (2016) 18e2522pass interference ﬁlters. A gating board applied pulse voltage to the
cathode of the gated PMT. The gating technique provided several
advantages in the RPL readout. The dose-dependent RPL had abroad peak wavelength of approximately 635 nm (Sato et al., 2014).
However, the photoluminescence (PL) at approximately 635 nm
included some dose-independent intrinsic components. It has been
Fig. 9. Proﬁles of the X-ray irradiated hand phantom. The X-rays beam with a divergence angle of 39 was propagated vertically to the palm of the hand phantom. The distance
between the X-ray focal spot and the palm was approximately 75 mm. The high-dose region was revealed by RPL photography. As for the low-dose region, the photoluminescence
was very weak. However, it was not easy to distinguish between the low-dose region and the shadow part.
Fig. 10. Inner dose proﬁles of X-ray irradiated hand phantom. The maximum dose region was on the palm of the hand. The RPL intensity gradually decreased with increasing depth
from the surface due to the energy deposition by low-energy X-rays in the surface layers.
F. Sato et al. / Radiation Measurements 85 (2016) 18e25 23reported that the PL has at least three different decay time com-
ponents: a short-term component (<2 ms), an RPL component
(2e10 ms) and a long-term component (>20 ms) (Piesch et al., 1986).The gating effectively blocked scattering light of the outgoing laser
and eliminated the dose-independent intrinsic PL. Therefore, the
gate-on period was set from 2 to 10 ms after outgoing laser pulse as
F. Sato et al. / Radiation Measurements 85 (2016) 18e2524shown in Fig. 4 (Ihara et al., 2008). The resulting signal from the
gated PMT was recorded with the integrating ammeter with a time
constant of 0.1 s. The scanning speed of the laser beams was
approximately 2 mm/s. The data on the RPL intensity and the sur-
face shape were stored on a personal computer through an analog
digital converter. The RPL surface proﬁle was reconstructed from
the data using OsiriX digital image processing software. The spatial
resolving power was approximately 1 mm due to the laser beam
sizes and the inhomogeneity of the RPL particles in the RPL
material.
After RPL scanning, the hand phantom was soaked in an un-
saturated polyester resin (2035P, Yupika) for support material. The
polyester resin block including the hand phantom
(130 mm 210mm 80 mm) was prepared and sliced into dozens
of plates (130 mm  80 mm  5 mm) using a diamond wire saw
(Fig. 5). Each RPL intensity proﬁle of the plates was obtained by the
RPL scanner (Kurobori et al., 2014).3. Results and discussion
Fig. 6 shows the response of the RPL material as a function of
absorbed dose. Some RPL material pieces
(50 mm  50 mm  3 mm) were exposed to 60Co g-rays. The RPL
response had satisfactory linearity in a dose range from 10 to
6  104 mGy. The relative standard dispersion for ﬁve samples was
approximately 30% at 0.1 Gy. The buildup effect was caused
immediately after irradiation; the RPL intensity gradually increased
with elapsed time after irradiation. In RPL glass, the silver atoms
exist uniformly and stably in the form of Agþ ions. Electrons and
holes caused by ionizing radiation diffuse, and then Ag0 and Agþþ
centers are formed as RPL centers (Miyamoto et al., 2013). The re-
action speed for the formation of Agþþ centers at room tempera-
ture is slow because the hole mobility is low. The buildup effect was
based on the formation of Agþþ centers. Minimal buildup effect was
conﬁrmed 24 h after irradiation and the RPL readout was per-
formed. The increase in the mixing ratio of the RPL glass to the
polyurethane resin improved the RPL intensity. However, the
effective atomic number deviated from that of human tissue.
Fig. 7 shows photographs of a hand phantom uniformly exposedFig. 11. Computational simulation results for the X-ray irradiated hand phantom. Thto g-rays with a dose of 10 Gy. The hand phantom was reliably
fabricated from the computational model. However, the RPL pho-
tographs had some shadow parts, which were unilluminated by the
UV light. These shadow parts made it difﬁcult to determine the
dose value correctly. Fig. 8 shows RPL photographs of the plates of
the sliced hand phantom. The inner dose distribution was homo-
geneous in terms of the uniformity of the g-ray irradiation. This
technique contributed to both the spatial resolving power and the
dynamic range in dose measurement. Several researchers have
proposed other dose measurement techniques for extreme
dosimetry. The simplest method was the use of typical dosimeters
such as RPL glass detectors, thermoluminescent detectors, and
optically stimulated luminescence detectors (Knezevic et al., 2013).
The primary advantage was that a reliable dose value could be
determined by a commercial dose reader. However, the number of
detection points might be limited by the size of the detector. When
an extremity phantom was ﬁlled with a gel dosimeter (Vanossi
et al., 2010), the data on the optical absorption density in the gel
dosimeter were measured with a laser computer tomography (CT)
scanner (Babic et al., 2008). It was not easy to obtain a wide dy-
namic range proﬁle for a complex dose distribution.
Fig. 9 shows the proﬁles of the X-ray irradiated hand phantom.
The high-dose region was revealed by RPL photography. As for the
low-dose region, the photoluminescence was very weak. However,
it was not easy to distinguish between the low-dose region and the
shadow part. Meanwhile, the surface proﬁle obtained by the RPL
scanner was reconstructed from the data on RPL intensity at over
50,000 measuring points. Both the proﬁles indicated that the high-
dose region was on the base of the index ﬁnger. There was not a
large inconsistency between the two proﬁles, although the RPL
photograph had some shadow parts. Thus, the RPL scanning tech-
nique provided more precise dose information. Fig. 10 shows the
inner dose proﬁles of the X-ray irradiated hand phantom. The
proﬁles indicated that the maximum dose region was on the palm
of the hand. The RPL intensity gradually decreased with increasing
depth from the surface due to the energy deposition by low-energy
X-rays in the surface layers. However, the blurring of the outline of
the hand phantom was caused by the scattering of incident laser
beams into the sample plates. Fig. 11 shows the computationale results were roughly similar to the experimental proﬁles as shown in Fig. 10.
F. Sato et al. / Radiation Measurements 85 (2016) 18e25 25simulation results for the X-ray irradiated hand phantom. For the
computational calculation, the polygon surface model (STL ﬁle) of
the hand phantom was converted to the voxel model, which voxel
size was 1 mm  1 mm  1 mm/voxel. The simulation results were
roughly similar to the experimental proﬁles; the small differences
were caused by the initial conditions such as the incident angles of
X-rays and the voxel size. The reduction of the voxel size potentially
improved the spatial resolving power. However, the reduction
required enormous computer memory and calculation time.
4. Conclusion
An RPL material was made of polyurethane resin, silver-
activated metaphosphate glass particles, and hollow glass micro-
spheres. The electron density of the RPL material was adjusted by
controlling the amount of the hollow glass microspheres. Thus, the
response to photons over 100 keV, inwhich the Compton scattering
dominated, was similar to that of the tissue-equivalent material.
The silver-activated metaphosphate glass had a high radiation
sensitivity for high energy photons. The RPL response had satis-
factory linearity.
An RPL material hand phantomwas prepared to understand the
extremity dosimetry of a radiation worker's hand. The master
model was built from the polygon surfacemodel of a hand phantom
by a 3D printer. The RPLmaterial hand phantomswere formedwith
the silicone rubbermold. The hand phantomwas exposed to X-rays.
The dose proﬁle of the hand phantom was obtained by an RPL
scanner. The RPL scanning technique provided precise dose infor-
mation on the hand phantom. After RPL scanning, the hand
phantom was sliced into dozens of square plates. Each dose proﬁle
of the plates was obtained with the RPL scanner. The inner dose
proﬁles were roughly consistent with the simulation results.
This dose measurement technique with the RPL material is
useful to understand extremity dosimetry. In the near future, we
will develop a movable hand phantom with ball joint devices to
simulate a medicine worker's hands in 99mTc preparation for a
single photon emission computed tomography. In addition, several
RPL materials with different effective atomic numbers will be used
to simulate tissue and bone.
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